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ABS TPA C'!"

The ac codmamic roughness of the extremely complex
terrain at -ite Sands iscile R~anze has been examined
thrcth tho anaiy-:ts of wind and temperature nrofiles
measured on the 6 2-meter meteorological research tower.
The roughness lenath zo was considered as a function of
the season and the dircction of the mean flow. There
was an auparen: correL.-tion between the roughness length
and the grow.ing season with variations in z from approxi-

0ately 10 cm in January to 22.5 cm in July. Variations
of nearly 60 cm were rioted when z was considered on a
directional besis.j
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INTRODUCTION

The determination of the aerodynamic roughness of the
surface in the immediate vicinity of a data collectior site
is a basic requirement cf any study pertaining to the tur-
bulent characteristics of the planetary boundary layer.
An aerodynamically rough surface may be defined as one on
which the irregularities are large enough to prevent the
formation of a laminar sublayer so that the mean flow is
effectively turbulent down to the surface (Schlichting,
1960). If the surface is homogeneous with a random dis-
tribution of roughness elements, the roughness length may
be determined from surface d.ag measurements, observed
neutral profiles, or thermally stratified data and appli-
cation of diabatic surface boundary layer hypotheses. The
roughness length is an indicator of the effective aerody-
namic roughness of a surface defined as the heirl.t where
the velocity profile extrapolates to zero. Unforturately,
a homogeneous surface that allows the development of equi-
librium flow from all directions and during %11 seasons
is rare; thus the aerodynamic roughness become5 a function
of the local terrain and the vegetive canopy, making the
roughness length difficult to determine on a representative
basis. Experimental data must be carefully analyzed in
terms of small-scale local terTain features and in terms
of the growing season.

The purpose of this paper is to examine the roughness
length I.' the terrain in the cirity of the 6 2-meter met-
eorological research tower at White Sands Missile Range 3s
a function of season, wind direction, and the vegetive can-
opy. The terrain in the tower locale is extremely corplex
and not homogeneous in a12 directionc, but is consider-e typical
for WSMR. Consequently, the mean flow is nct in equilibrium
with the surface at all times.

SITE DESClP 0'c', ;

The tower is located in an area that consists of s":all
brush-covered hillocks one to three meters hJ,-i and r-irdonly
distributed. Patches of sand, jravel, native vegetat.on,
i.e., bunch grass, pi,-,,eed, and Russian thistle (tumbleweeds)
are interspersed between hillocks. The irushy portion of the
vegetation consists of mesquite, greasewood, and desert willow.



Modifications to the natural terrain such as clearing,

leveling, construction of buildings, etc. contribute to the
overall heterogeneity of the surroundings since the tower
is located in an area of extensive human activity. A por-
tion of the natural terrain west of the towei remained un-
disturbed and Provided a quasi-homogeneous fetch of apnroxi-
mitely h kilometers from 220 degrees through 350 degrees,
during the first data collection period from Arril 1958
through April 1960. The determination of the roughness
length has been restricted to the times when the mean wind
was acrocss this 130-de-ree sector.

Modification to the terrain in this sector occurred
during the second data collection ineriod from January 1962
through October 1963. Apnroximately two acres were cleared
and leveled west of the to !er site, giving an 8$-meter fetch
acrons bare sand to the natural terrain and vegetation. This
new roughness discontinuity altered the mean flow turbulent
characteristics of the exoerimental site drastically.

Data collected in the first observational period are
representative of equilibrium 'low over a quasi-nomogeneous
surface, whereas those of the second period possess non-
homofenecus turbulent characteristics.

THE !OUCHNESS LENC"PH

Sutton (1953) states that the roughness lenth of a
sur:'ace ay be nrrroimate( from

-o"d (1)

where z o is + e roughness length, z th!e averare heirht of

the roughness elements, and C is a constant. usually taken
as numerica lv equal to 30 based on the work of ':ikuradse
(See Sutton, 1953, ind Sciichting, 1960)).

For condit ,onq of 1"12 y rourh turbulent flow in the
-irface bound1a,' ! .,r a: the a~rosrhere in neutral strati-
ficat 4on, the di f", rential e ciu, ion for 'he velocity rrfile
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_ U* (2)

az kz

where V is the mean norizontal velocity, u, the dynamic
friction velocity, k is Karnan's constant and z is height.
Integration yields

S (1-n z) (3)V = (lnzo

where z becomes a constant of inte,-ration. Over extremelyr0

rough surfaces, those covered with high vegetation, i.e.,
cereal r1ins or trees, the velocity profile becches -.ore

comrlex and (3) does not hold. An empirical correcdion in
the 'orm of a zero-roline disDlacement 'actor, d, can be
introduced in the form

it

z

where z is the i-eometric rmcin of t~levels c-f intorest -ind
D - d +Cz , the "effcctivenesr, displace~xrt ta
Ecuationso(3), (10, nd (5) mav be -ol..Pd rrirhian,1v o6r
alre)raically for numerical values o' D, d, and rerre-

senta t ive neutral ,1ind arflfre ivia 1.111v

I- -the r!tcoscoere iS '".rally-~r de~acs(
no lonrer ei (,I, ] '- (.'
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where *(z/L') is a universal function and L' is the Panofsky,
Blackadar, and McVehil (1960) gradient length. Equation (6)
predicts a straight line if the velocity is plotted as a func-
tion of ln z - , with z as the intercept.

The universal function *(z/L') is a stability correction
factor that has been developed empirically outside the basic
structure of the Monin-Obukhov Similarity Theory to compensate
for thermal stratification effects on the wind profile. A
reasonably good fit to experimental data can be obtained with
Equation (6) in the stability range 0.08 > Ri > -0.10 (at a
reference height of 1.5 meters) where Ri is the gradient form
of the Richardson number.

Restrictions on the use of Equations (3), (5), and (6)
for graphical or algebraic determination of the roughness
length for an experimental data site depend on the thermal
stratification of the boundary layer, surface homogeneity,
or lack of it, stationarity of the mean flow and growth or
decline of the vegetive canopy. With these limitations and
restrictions in mind, experimental data measured on the 62-
meter research tower were used to determine the roughness
length of the typical terrain of -hite Sands Missile Range.

THE AERODYNAMIIC ROUGHNESS OF
AN ETRELY COMILEX TERRAIN

Dtring the 25-month period fro April 1958 to April
1960, 1611 profiles of wind and temperature for the first
62 meters of the planetary boundary layer were collected.
The raw data consisted of 10-minute averages from nine levels
on the tower observed eight times a day (0100, 0400, 0700,
1000, 1300, 1600, 1900, and 2200 hours MST). Analyses of
these data by Carnes (1961), Tourin and loidale (1961), and
Swanson and Cramer (1965) indicated that a majority of the
samples had been obscrved under conditions that were suffi-
ciently stationary and homogenegus to permit detailed analy-
sis of the data to establish the aerodynamic roughne -. of
the surface.

Owing to the nature of the terrain and the effect of
vegetation on the apparent smirface roughness, the analysis
considered the season and the mean wind direction across
the 130-degree sector to compensate for the homogeneous
surface. ?rofiles observed during the afternoon hours were
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treated with caution owing to the possibility of induced
error (McCready, 1966).

Usable prcfiles were first classified by dtability
regime, utilizing the nine regime scheme of Hansen (1966).
Richardson numbers for each profile were computed from

z2

Ri t + A r z in- (7)
(Au)2 + (' v) z1

where g is the acceleration of gravity, T the mean tempera-
ture in degrees Kelvin, u and v the north-south and east-
west comnonents ?f the mean wind, :f the Adiabatic laDse rate
(-0.0098 dep km-), and z the geometric mean of the layer
z- z where the subscripts indicate the level of interest.
Rly tAose profiles where the value of Ri was within the
limits 0.08 , Ri > -C.L at 7.4 meters were used in the analy-
sis, with emphasis on neutral nrofiles when possible. Graph-
ical solutions to Equations (3), (5), and (6) were fitted to
the exnerimental tower data for observations below approxi-
rrately 16 meters. Above this level, direction can no longer
be considered invariant "ith height, and the approach to the
geostrophic wind enters into the solution. Stability cor-
rections to the diabatic profiles were obtained from Hansen
(1966a) and are based on the KEYPS function which is consider-
ed the most reliable and simplest to use of the Similarity
Theory log-linear profile hypotheses.

Average values of the roughness len-th for the research
tower site by time of year and wind direction are shown in
Figures 1 and 2. There is a correlation between seasonal
values and the growing season, with minimum z° occurring in
January and a maximum in July which represents the rainy sea-
son for the area. The directional deperdence of the rough-
ness length correlates very well with the isoline analysis
of the turbulence intensity measurements of Horn and Tra,le
(196L).

The second observational period of 1962-1963 gave ap-
proximately 2000 hours of data that are considered to be non-
homogeneous owing to the roughness discontinuity created by
the sandy area west of the tower site. Sutton (1953), Priestley
(1959), and Lumley and Panofsky (1964) show that tlhe roughness
of bare sand should yield a zo value on the order cf 0.1 cm,
while Sellers (1965) indicates zo's in the neighborhood of
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0.03 to 0.05 cm for a s-Irilar so-i surface near T7ucson,
Ari,'orna. A-P'_,i Ca' ion oFr grhic al -rof -';le an alyss tEc-
niq-ues to selected samules of the IQ62-15-3 data r-Xve a
rour7hness length of 1.09 cm withn a ±07) cm FJ,'?S error
which is indic.-tive of the I-etprogeneit, v of the mean :.4Jo-W
across the roughness discontinuity Urinc the- :Trc,-rc
of Ohii (15) i --r (19 63), 13idrr 1 i-, Fand -ade
(1963), and -Panofsky and Tol-'nsend (19VrJ ) It .:sfound tha~t
at 1.5 meters above 'he surface, the '"c- 'o:le as s
than two Percent adjusted to the new sufc after- tr-:vers-
incg the C5-meter fe~ch. It is clear that thne anqiir
conditions _exist4Ing at the !"Thne of mneas-urement resuteo- -r.

'fie erroneous l.Q9 cm-. roug-hness lerngth fo-r the bae arn
fetch as com'npred with the in'erred value of C .1 cm.

Panof sir ( 10631) has c-emr LmI rated the e-ff ect ..f dis turbCinr :,
the natural vegetation of an area ..Ien the expeririental site
was mowed during the Great. PlIains Turbu~ence Study (See Lettau
and Davidson, 1957), changing the roughness length approxi-
miately 30 Per-cent. Halstead (195-7) has shnoiwn -that the surface
roughness at the O'Neill, Nebraska, site of Project Prairie
(Irass (See Haugen, 1958, and B arad, 1959.) varied from 0.5 tro
1.1 cm owing to chan 7es in ve-e; t- ion aiid to differencef- in
wind direction across a c 'uasi-ho-no:eneoiis terrair. These
-auses and effects exist at the WS3a tower site, The channe
of surface roughness, as a function of wdrd direction and
seasonI is directly attributable t c tie c-ro;;+7. and deloliation
of the ver-t.tive canopy and a nonun-lf-yT. Lerrain.

The current investi r,,ation reveals' chat the terrain in
the vicinity of the tower is extremely rourh and nol- omoper; '-
ous with wind direction or seasons. 'he irean of rzll rougFh-.
ness lenrths determrined fcr the site was 1".L cm. An inspec-
tion of Fifraros 1 and 2 reveals that this S~ a re-as onabl Ie
value for the annual rou-hness re.-ime, but colild ',e. unreal-
is. ic, especiall1y 71hen the directional, hcta are corni dJ-ered.

..e best fi.ts: to exnerimcntal datn -are obta-ined by .ise o ' thie
di--ecti'onn1 rourhness lcrngth vailues, a) though the annial
re!,irc cturve wil < ,eld -ccertallle results within the limirt
of e."crirpntn1 orror (+ 10 per cent). For ,,ind directio~nns
other than those .:ith~ir the 130-(2e'rec Fectors it was fr-)nd
thait a reaso'iable estimate ;,or z arprox-inately 20 cm
which -as niotions within + 28 ner cent.

0



was noted thnat a zero !_lane oisrlacerent correction
to the ex-zerimentai data not nececLs;7T evern durir the

nrosin whi he bruishr, vortion of' the ver-etation. was in
~~~~I1~~ ~- la.l ner h ro cesert b-ash is f-Ilexible

to the roi-_nt that little or nc II-emnin Lcc-.rs even vith brisk
eim-2.~ co-nditions.

The terrain ro.ification, which occ':rred before the
l9621~63data ccllection L-eriod, r-sulted in a rouiohness
EcontinUit- jnf- 3bu .2(' to 1, arroio.ae C c*eters

wev.- of' the tower. An imrcS'4- ation of woind and terrature
nroiles o-ser-;d .A-en the re, 'low sacrcss the oscon-

ur~~t~ (>n~nand Mos. c '-Towed 'hat 1 --k-kng' oz
th rfeocc .rr-d, -an., a in Tternal rc-'entur:

boundarv frr~ec 1,I-- :n~e _ tr ace Iv e C., " neer s
abovre tlhe5 stur-ac,< Lc-~~ih th-e-- hnoheseso

,Miot. :i5C nd -an,-'sz7- a nd -ohmzend (1 )that nredict
the in-Iterface -c hava- a I-eigrht-tcfetch rati h o_ 1:10.

The abupxt o"' c'.an'-- 'as 1::Ittle effect ene
racoitude o" the latral rind wcgtdna ne iiso

*t "'i' erice observo d at t7-2 tc;-,er aE ,rlted by Tnor(96
-o oand few _rfereo,:es in these --iraneterF wien +hey were

cr r a_ wit,,- .-alues of Sw:on~on and3 Irro (9) for the
19~KO~0 .sta. Th,2 nejnr ar bt of sa'face disccn-

~'4piJy ~ sthe * Toseratior 34' nonequliK"briiun flow and tha2
dn.iernal no1-rnentiir o~Ca;

-lie aercoxna7,i- roclhness of an eyxnerin ental F-Ite ray
Lc detc.ri-ined fronteaayi of ;:inu and tenea~r ro-.

ifA'c~ the~ nr~an f-w onsidered to be tto~x m
'.o'nFencc-: acro ,E a -ifficiently lon,-' "an~ etch to in.
sure ev urc-'nditions. The c- P~t of vcetattori an,-,-

onht~curr ',-,ovties in the, surface -i',1 Y-Lsnie:7 to v!,nd
ie~ c re o'..er conciderations. 'he m, ffaoc, rovghr--zs

of sriF~ey -' ctatec~ arnd extrem~ely unc-en tc-rraiii can be
deexinl-'f cnuticn is e;,ercied ir 41-rle ou(lv ir ofthe

-T ' -a.

~ ia~ onsto the n;0rural -or-hh' cer -hmw;n

t.o affect, the iercd,,rnknc coharacte.-iFI'-.o ofaSurface Io
tlhe e!xtent, t1-0 '.he mean flcw _F n-, 1 o-cr in~ei~ ru

7



wi+'" the ,nderlvin,- 1--c-e.Th res',, 2 t-ant nonhom'o~eneous
turbt"ent flow conrletel'; ne,-ates t se of conventional
rrofiLle analvsi.s -technicues -for eeterniniri- s1'127face rouyh-
ness and forces '-he -Lse of estir~ited values. The resultz
nresentcd in T-imures 1 and 2 are ccnsidered_ to 'be re-,-resent-
ative of the ro,,c hness lcngth, in thre vd-cinity of the 62 -
meter re-seq-ch, i:OVer, whereas the e teof' 'I cn for
+he E8 5-m-ter bn-e fetch car be in error.
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